Predissociation of a high-lying 1 ⌺ ϩ state of NaK is studied using the optical-optical double resonance technique. A single-mode ring dye laser is set to a particular 2(A) 1 ⌺ ϩ (vЈ,JЈ) ←1(X) 1 ⌺ ϩ (vЉ,JЉ) transition. Another single-mode laser ͑Ti-sapphire͒ is then used to excite the molecule from the 2(A) 1 ⌺ ϩ (vЈ,JЈ) level, to rovibrational levels of a higher predissociating electronic state, which we identify as 6 1 ⌺ ϩ . The predissociation is monitored by the atomic potassium emission on the 3 2 D 3/2 →4 2 P 1/2 transition at 1.17 m, while bound state radiative processes are monitored by total violet fluorescence from the upper state to the various rovibrational levels of the ground 1(X) 1 ⌺ ϩ state. By scanning the Ti-sapphire laser, different rovibrational levels of the 6 1 ⌺ ϩ state can be excited. The vibrational levels probed range from vϭ13 to 20 with rotational states ranging from 9 to 99. The bound state energy level positions are measured from the center frequencies of lines recorded with the Ti-sapphire laser excitation scans. , if we assume the most likely asymptotic limit of Na(3 2 S 1/2 )ϩK(5 2 P 1/2 ). The equilibrium separation is R e ϭ4.158 Å. We also report measured and calculated intensities ͑Franck-Condon factors͒ for the 6 1 ⌺ ϩ →1(X) 1 ⌺ ϩ violet band. The absolute predissociation rates of 6 1 ⌺ ϩ levels are directly measured from the linewidths recorded on the Ti-sapphire laser excitation scans. We measure predissociation rates ranging up to 9.4ϫ10 9 s
1 ⌺ ϩ state of NaK is studied using the optical-optical double resonance technique. A single-mode ring dye laser is set to a particular 2(A) 1 ⌺ ϩ (vЈ,JЈ) ←1(X) 1 ⌺ ϩ (vЉ,JЉ) transition. Another single-mode laser ͑Ti-sapphire͒ is then used to excite the molecule from the 2(A) 1 ⌺ ϩ (vЈ,JЈ) level, to rovibrational levels of a higher predissociating electronic state, which we identify as 6 1 ⌺ ϩ . The predissociation is monitored by the atomic potassium emission on the 3 2 D 3/2 →4 2 P 1/2 transition at 1.17 m, while bound state radiative processes are monitored by total violet fluorescence from the upper state to the various rovibrational levels of the ground 1(X) 1 ⌺ ϩ state. By scanning the Ti-sapphire laser, different rovibrational levels of the 6 1 ⌺ ϩ state can be excited. The vibrational levels probed range from vϭ13 to 20 with rotational states ranging from 9 to 99. The bound state energy level positions are measured from the center frequencies of lines recorded with the Ti-sapphire laser excitation scans. . The potential well depth is D e ϭ4416.0 cm
Ϫ1
, if we assume the most likely asymptotic limit of Na(3 2 S 1/2 )ϩK(5 2 P 1/2 ). The equilibrium separation is R e ϭ4.158 Å. We also report measured and calculated intensities ͑Franck-Condon factors͒ for the 6 1 ⌺ ϩ →1(X) 1 ⌺ ϩ violet band. The absolute predissociation rates of 6 1 ⌺ ϩ levels are directly measured from the linewidths recorded on the Ti-sapphire laser excitation scans. We measure predissociation rates ranging up to 9.4ϫ10 9 s
. The dependence of the absolute predissociation rates on rovibrational quantum numbers is studied with an attempt to predict the shape of the repulsive potential curve causing the predissociation, its crossing point with the bound state, and the type of perturbative interaction leading to the predissociation. The state causing the predissociation is determined from correlation diagrams to be the continuum of either the 3 3 ⌸, the 3 1 ⌸, or the 5 3 ⌺ ϩ state with Na(3S)ϩK(3D) dissociation limit. We measure the collisional broadening rate coefficients of some 6 1 ⌺ ϩ ←2(A) 1 ⌺ ϩ lines due to both argon and potassium perturbers, and obtain the average values, k br Ar ϭ͑1.1Ϯ0.2͒ϫ10 Ϫ8 cm 3 s Ϫ1 and k br K ϭ͑1.1Ϯ0.6͒ϫ10 Ϫ8 cm 3 s
. Velocity-changing collisions and collisional excitation transfer between individual rotational levels of the 2(A) 1 ⌺ ϩ state are also investigated. © 1997 American Institute of Physics.
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I. INTRODUCTION
The predissociation of alkali diatomic molecules has been a subject of interest for many years ͑see Refs. 1-12͒. Predissociation can be used as a means for probing repulsive states of a molecule and as a mechanism for producing excited or ground state atoms that are otherwise not present in the vapor. Our current interest in the predissociation of NaK molecules stems from earlier work involving the generation of coherent infrared emissions. Previous work in our lab, 13 involving high intensity pulsed dye lasers, showed that when a mixed sodium-potassium vapor is excited with two red laser photons in the range 720-750 nm, a coherent emission at 1.17 m appears which corresponds to the K(3 2 D 3/2 )→K(4 2 P 1/2 ) atomic transition. Further studies ͑see Ref. 13 for details͒ led us to believe that this coherent 1.17 m emission results from a predissociation process involving the NaK molecule. The present article discusses our investigation of that predissociation process using highresolution single-mode cw ring lasers, which provides detailed information on the predissociation process and the molecular potentials involved. Stevens et al. 14 have calculated all NaK potentials up to the Na(3S)ϩK(3D) limit and ⌬ states corresponding to the Na(3D)ϩK(4S) and Na(4 P)ϩK(4 P) limits using fullvalence configuration interaction computations with effective core potentials. Very recently, Magnier and Millié 15 used pseudopotential methods to calculate potentials up to the Na(3 P)ϩK(4 P) dissociation limit. On the experimental side, most previous spectroscopic studies of the NaK molecule have involved low lying states correlating to the ground state and first excited states in the separated atom 18 However, in general, the range of energies between the low lying states and the Rydberg states has not been systematically investigated.
The present paper discusses the experimental observation of the NaK violet band ͓6 1 ⌺ ϩ →1(X) 1 ⌺ ϩ ͔ and associated Franck-Condon factors, the determination of the molecular constants of the upper bound state, the investigation of the predissociation of that state to produce excited potassium atoms, the determination of the level by level predissociation rates, the identification of both the bound and repulsive states involved in the predissociation process including their dissociation limits, the collisional broadening of the bound-bound rovibrational molecular lines, and finally the J-changing and velocity-changing collisions involving NaK molecules in the 2(A) 1 ⌺ ϩ state.
II. EXPERIMENT
The experimental setup is shown in Fig. 1 . The sodiumpotassium mixture is contained in a crossed heat-pipe oven using argon as a buffer gas. Two single-mode ring lasers ͑dye and Ti-sapphire-Coherent models 699-29 and 899-29͒ are used to study the two-step predissociation process. The ring dye laser is fixed in frequency to pump a specific (vЈ,JЈ) level of the NaK 2(A) 1 ⌺ ϩ state from a level (vЉ,JЈϮ1) of the 1(X) 1 ⌺ ϩ ground state ͑see Fig. 2͒ . The Ti-sapphire laser is then scanned across different rovibrational transitions coupling the 2(A) 1 ⌺ ϩ state to a higher predissociating state that we later identify as 6 1 ⌺ ϩ . The two laser beams counterpropagate through the heat-pipe oven, while fluorescence is detected at right angles to the laser propagation direction. Atomic fluorescence, corresponding to the potassium 3 2 D 3/2 →4 2 P 1/2 transition at 1.17 m, is detected using a monochromator-Ge detector system. Freestanding photomultipliers with different interference filters are used for total molecular fluorescence detection. The total violet emissions consist of allowed transitions from a particular 6 1 ⌺ ϩ (v,J) level pumped through the two-step process, to all possible (vЉ,JϮ1) levels of the 1(X) 1 ⌺ ϩ state. The total A band fluorescence includes all allowed transitions from the 2(A) 1 ⌺ ϩ (vЈ,JЈ) level labeled with the ring dye laser to all possible (vЉ,JЈϮ1) levels of the 1(X) 1 ⌺ ϩ state. We use a removable mirror to detect the total A band fluorescence with a free-standing PMT on one side of the heat-pipe. When the mirror is removed and the Ge detector replaced by another PMT, resolved violet or A band fluorescence transmitted through the monochromator can be monitored. On the other side of the heat-pipe, we monitor the total violet fluorescence. A removable mirror in the violet fluorescence path allows light from a white light source to be transmitted through the heat-pipe, to the monochromator, for alignment purposes and to monitor atomic densities by absorption. The ring dye laser beam is chopped, while lock-in detection techniques are used to detect fluorescence at the modulation frequency. This state-labeling technique ensures that all detected signals are produced by molecules that are pumped on the first step to the particular 2(A) 1 ⌺ ϩ (vЈ,JЈ) level labeled by the ring dye laser. Doppler-free saturated absorption is used to find the line center of the 2(A) 1 ⌺ ϩ (vЈ,JЈ)←1(X) 1 ⌺ ϩ (vЉ,JЉ) transition. For this purpose, a removable mirror is used to retroreflect the ring dye laser beam upon itself. Laser-induced fluorescence from an iodine cell and the optogalvanic effect in a barium hollow cathode lamp are used to calibrate the laser wavemeters. 
III. RESULTS AND DISCUSSION
A. Identification of the predissociating bound state
In this experiment, the second step laser ͑Ti-sapphire͒ can excite molecules from the 2(A) 1 , not to be confused with the centrifugal distortion constant D e ͒, 21 and the energy corresponding to the asymptotic limit ͕⌬E ϭ E͓Na(
20 D e ϭ⌬EϩD e ЉϪT e ϭ4416.0 cm Ϫ1 . In a separate PAPS document, 22 we list the experimental 6 1 ⌺ ϩ (v,J) level energies and compare them with those calculated using the constants in Table I . We note that the experimental energies of the with JϽ69, the rms deviation between the experimental energies and those calculated from the fitted constants is 0.15 cm
Ϫ1
, while larger discrepancies are found for the 36 observed levels with Jу69. Much better agreement could be obtained by using a larger number of fitting constants. However, due to experimental constraints, we were only able to study vibrational levels in the range vϭ13-20 in this work. Thus the extrapolation to the bottom of the potential well is questionable, and the use of additional fitting constants is likely to increase the errors in the extrapolation. Because of the long extrapolation, significant errors probably exist in the fitted constants ͑especially T e and e ͒. Such errors are evident in the comparison of the experimental and theoretical Franck-Condon factors ͑see Sec. III C͒. Therefore, the physical significance of these rotational and vibrational constants must be taken with a grain of salt.
C. Franck-Condon factors of the NaK violet band:
In the analysis described above, we assumed that the lowest observed vibrational level of the 6 1 ⌺ ϩ state ͑desig-nated as v i ͒ is given by v i ϭ13. The procedure leading to this assumption is described below.
When the polynomial fits are carried out as outlined above, a value for v i must be assumed in order to assign absolute vibrational quantum numbers and to carry out the calculations. Since v i is not known initially, we assume a particular value, carry out the fits and find the molecular constants associated with our assignment. For each v i assignment, we compute the RKR ͑Refs. 23-25͒ potential curve associated with the corresponding molecular constants derived from the experimental data. 26 From the RKR curves, we then calculate the Franck-Condon factors ͑FCF's͒,
2 , for the violet molecular fluorescence transitions from one of the 6 1 ⌺ ϩ (v,J) levels to various 1(X) 1 ⌺ ϩ (vЉ,JϮ1) levels. 27 Here v,J (R) and v Љ ,J Љ (R) are the upper and lower state vibrational wave functions. In the latter calculations, the 1(X) 1 ⌺ ϩ state potential of Ross et al. 21 is used. The FCF's corresponding to each curve are then compared with the experimental relative intensities ͑di-vided by 4 ͒ since the latter are proportional to the former ͓assuming that the electronic transition dipole moment, D e (R), does not vary appreciably with R͔, 19, 28 I f l ͑v,J→vЉ,JЉ͒ϭ 64
Here, N v,J is the number of molecules in the upper level, and S JJ Љ is the Hönl-London factor. 19 We assign the absolute vibrational numbering according to the best agreement of the calculated FCF's with the experimental data. The FCF's are very sensitive to the wave functions ͑and therefore to the potential curves͒. From this comparison, it appears that the lowest observed vibrational level in this case is most likely v i ϭ13. Figure 3 shows the experimental and theoretical FCF's for the violet emissions from different 6 1 ⌺ ϩ (v,J) levels. The experimental data are corrected for the variation of the detection system efficiency with wavelength. It can be seen that in each case, the observed pattern of strong and weak lines is reproduced fairly well in the calculations for vЉ Շ25 only. However, the experimental FCF's regularly become smaller ͑relative to the calculated values͒ with increasing vibrational number of the ground state. This decrease in the FCF values most likely results from a decrease in the transition dipole moment with increasing internuclear sepa- ration R. However, the locations of the FCF ''zeros'' should be accurately reproduced in the calculation because these are not affected by the variation of the dipole moment. Indeed the experimental intensity zeros are in very good agreement with the calculations for all upper vibrational levels and vЉ Շ25 ͑assuming v i ϭ13͒. The disagreement for higher vЉ must be due to inadequate representation of the 6 1 ⌺ ϩ state potential well and most likely is the result of the limited range of 6 1 ⌺ ϩ vibrational levels observed in the present work. Figure 4 shows the ground state 1(X) 1 ⌺ ϩ and the 6 1 ⌺ ϩ RKR potential curves plotted as a function of internuclear separation, while the turning points of the 6 1 ⌺ ϩ state RKR potential are listed in Table II . As we can see from 1 ⌺ ϩ state RKR potential with the recent theoretical potential of Magnier and Millié. 15 It can be seen that while the general agreement is quite good, the two curves disagree somewhat, especially on the outer limb, and that the theoretical curve shows a ''shelf'' at Rϳ7 Å ͑at even larger internuclear separations, ϳ12 Å, the theoretical calculations predict a second minimum͒. Such features are due to avoided crossings with other potential curves, but do not affect the present results because they lie above the range of energies probed in this experiment. However, similar interactions could result in small inflections lower down on the outer limb of the true 6 1 ⌺ ϩ state potential which are not reproduced by the present RKR potential due to the limited data set used in its construction.
D. Collisional line broadening
In the impact limit, which is appropriate for the conditions of the present experiment, the NaK 
, as well as elastic line broadening collisions, contribute to the overall collision induced linewidth.
For the various 6 1 ⌺ ϩ (v,J)←2(A) 1 ⌺ ϩ (vЈ,JЈ) transitions investigated in the present work, we obtain the argon broadening rate coefficient k br Ar from the dependence of the measured total linewidth, ⌫ tot , on the argon gas density at each fixed temperature ͑fixed alkali atom density͒. The linewidths are measured by scanning the narrow-band laser over particular 6 1 ⌺ ϩ (v,J)←2(A) 1 ⌺ ϩ (vЈ,JЈ) transitions, while recording the total atomic and/or molecular emission. The measured total linewidth versus argon density ͑at fixed temperature͒ is well represented by a least squares fitted straight line whose slope gives k br Ar . We calculate the broadening rate coefficient as the average of the rates measured at different temperatures for each of a few representative transitions. ͑We expect that the broadening rate should depend only weakly on temperature; i.e., k br ϰT 0.3 for van der Waals broadening. 29 Thus, over the temperature range studied here, we expect a variation of k br Ar of less than 5%. This is confirmed by the measured values of k br Ar which generally agree to within that limit.͒ From data of this type, we obtain k br Ar ϭ(1.16Ϯ0.03), ͑1.03Ϯ0.05͒, and (0.99Ϯ0.03)ϫ10
We determine the rate coefficients for broadening by alkali perturbers by varying the oven temperature which simultaneously changes both the alkali atomic and molecular densities. Atomic potassium has the highest density at a given temperature, while the density of atomic sodium is about an order of magnitude smaller. 30 The presence of the sodium thus introduces ϳ10% uncertainty into the determination of the potassium broadening rate ͑assuming that the sodium broadening rate is not too much larger than that due to potassium͒, since the sodium contribution to the broadening can not be separated out. The molecular ͑K 2 , NaK, and Na 2 ͒ densities are each at least two orders of magnitude smaller than the atomic densities, 30 and their effects can be neglected.
We determine the broadening rate coefficients for atomic potassium perturbers, for the same three transitions as in the study of the broadening by argon, from the slopes of the ⌫ tot vs potassium density curves. The rate coefficients we obtain from the average slopes of the linear fits for different fixed argon gas pressures are k br K ϭ͑1. 
Note that these values have been obtained by multiplying the measured slopes by n K /(n K ϩn Na ) to partially correct for the broadening effects of atomic sodium. This correction, of ϳ10%, is exact if the sodium and potassium broadening rates are equal.
E. Dissociation limit of the repulsive curve
Predissociation is a highly selective process leading directly to product atomic states corresponding to the dissociation limit of the molecular repulsive state inducing the predissociation. In our experiment, we study the predissociation process by monitoring the K(3 2 D 3/2 )→K(4 2 P 1/2 ) atomic fluorescence at 1.17 m. In order to determine whether K(3 2 D 3/2 ) is the only dissociation product, we also scan the monochromator over the range 1.10-1.30 m when the two laser frequencies are fixed to pump one of the predissociated states. At the operating temperature of 365°C and argon pressure of 1.0 Torr, we observe emissions at 1.17, 1.18, 1.24, and 1.25 m corresponding to the
, and K(5 2 S 1/2 )→K(4 2 P 3/2 ) transitions, respectively. At this operating temperature and pressure, populations in the K(3 2 D J ) fine-structure levels are completely mixed by collisions, and there is also significant mixing between 3 2 D J and 5 2 S 1/2 . To gain information on the dissociation limit, we reduce the collision rate by lowering the oven temperature and the argon buffer gas pressure. We monitor atomic fluorescence following pumping of the 6 1 ⌺ ϩ levels ͑vϭ18, Jϭ30͒, ͑v ϭ15, Jϭ40͒, ͑vϭ19, Jϭ92͒, and ͑vϭ15, Jϭ94͒ at 257°C ͑the lowest temperature at which we are still able to detect atomic fluorescence when pumping most of these levels͒. In all cases at this low temperature, the 1. 24 1 ⌺ ϩ (v ϭ18, Jϭ30) and ͑vϭ15, Jϭ40͒ levels increase with decreasing argon pressure, while the ratios measured for the (vϭ19, Jϭ92͒ and ͑vϭ15, Jϭ94͒ levels are nearly constant ͑within error bars͒. This difference in the fluorescence ratio for high J's ͑Jϭ92, 94͒ and low J's ͑Jϭ30, 40͒ can most likely be attributed to a different predissociation interaction at high J's leading to a different dissociation limit. Atomic fluorescence signals associated with the ͑vϭ15, J ϭ40͒ level could be observed down to Tϭ217°C with no buffer gas. Values of I 1.17 /I 1.18 following pumping of this level are listed in Table III͑b͒ , where it can be seen that they are roughly constant for different temperatures. We believe that the 6 1 ⌺ ϩ (vϭ15, Jϭ40) atomic fluorescence ratios are our most conclusive experimental data for determining the dissociation limit of the 6 1 ⌺ ϩ predissociation process for lower J levels, since we were able to measure them to lower temperatures and without argon gas.
We base our conclusions on the data taken without any collisional mixing of the two 3 2 D J fine-structure levels due to argon. However, at the temperatures used (T ϭ217-256°C), the potassium density 30 ranged from 2.7 ϫ10 14 to 1.2ϫ10 15 cm Ϫ3 and thus collisions with ground state potassium atoms can result in significant mixing between the two 3 2 D J levels. If the two states are completely mixed, the fluorescence ratio I 1.17 /I 1.18 should be ϳ2/3 reflecting the statistical weights of the two levels. If only the 3 2 D 5/2 level was initially populated, the ratio would be zero in the absence of mixing, and mixing could not increase the ratio to more than 2/3. Since we observe ratios larger than 2/3 ͑except at high J͒, we conclude that the 3 2 D 3/2 finestructure level must be directly populated by the predissociation process. However, we cannot determine from our data whether the 3 2 D 5/2 level is populated only by collisions or is also directly populated by predissociation. This question could be answered by studies at lower temperatures where the collisional mixing due to potassium would be negligible. However, we are unable to detect any measurable signals at temperatures below 217°C. Molecular beam experiments may be required to answer this question definitively.
From the above information, we conclude that the state causing the predissociation ͑at least for lower J values͒ must be correlated with either the Na(3 2 S 1/2 )ϩK(3 2 D 3/2 ) atomic state limit only, or with both of the Na(3 2 S 1/2 ) ϩK(3 2 D 3/2 ) and Na(3 2 S 1/2 )ϩK(3 2 D 5/2 ) fine-structure limits. Predissociation to the Na(3 2 S 1/2 )ϩK(3 2 D 5/2 ) atomic limit only can be definitely ruled out.
F. Predissociation rates
The predissociation rates can be obtained directly from the measured widths of the 6 1 ⌺ ϩ (v,J)←2(A) 1 ⌺ ϩ (vЈ,JЈ) absorption lines. The linewidth is given by Eq. ͑4͒. An estimate of the natural linewidth, ⌫ nat ͑which is the sum of the radiative decay rates of the upper and lower levels of the transition͒, is found from studying the dependence of the linewidths of transitions involving nonpredissociating levels on the alkali and argon densities. 
) fluorescence signals are monitored as the probe laser is scanned over various NaK
Two independent indications of predissociation are evident in these signals. First, predissociation results in broadening of the spectral lines ͑due to shortening of the upper state lifetime͒ as described by Eq. ͑4͒. Second, the shorter lifetime of the strongly predissociating level results in a decrease of molecular ͑violet band͒ fluorescence relative to the atomic fluorescence. ͑In the case of nonpredissociating levels such as vϭ14, Jϭ31, the atomic fluorescence results from collisional processes described in Sec. III D.͒ It can be seen in the figure that these two indications are consistent. However, the broadening provides a more quantitative measure of the predissociation process. The absolute predissociation rates are obtained by subtracting the natural linewidth and collisional rates from the measured linewidths using Eq. ͑4͒. The total linewidths were measured with an accuracy of about 20 MHz. However, the uncertainty in the absolute predissociation rates is ϳ40 MHz due to the correction for the collisional and radiative contributions. For each of the vibrational levels studied, we plot the absolute predissociation rates as a function of the rotational quantum number J as shown in Fig. 7 . A listing of all measured predissociation rates is available in a separate PAPS document. 22 While the strongest predissociations ⌫ pred Ϸ1.6 ϫ10 9 to 9.4ϫ10 9 s Ϫ1 occur for vϭ18 and show a strong resonance behavior centered on Jϭ29, the data for some other v levels show an oscillatory J dependence that suggests a variation in the bound and free state vibrational overlap integral. Although the rates for these levels are relatively small ͑ranging from 0 to ϳ8ϫ10 8 s
Ϫ1
͒, it is clear that there is some oscillatory behavior with increasing J for J's Ͻ70, followed by a general increase in the rates with increasing J at higher values. Figure 8 shows the six molecular potentials which dissociate to the Na(3S)ϩK(3D) asymptote ͑according to the calculations of Magnier 3 ⌸ states forcing the former to have a double minimum.͒ Figure 9 presents a correlation diagram showing how the Hund's case ͑a͒ or ͑b͒ molecular states at small internuclear separation first transform into Hund's case ͑c͒ states and then into the Na(3 2 S 1/2 )ϩK(3 2 D J ) separated atom limits with increasing separation. The small R limits are based on the ordering of Magnier and Millié 15 ͑which is identical to that of Stevens et al. 14 ͒ at Rϭ8 a 0 ͑4.23 Å͒. Note that the potassium 3 2 D J levels are inverted. 20 From this diagram, we find that all three states (5 3 ⌺ ϩ , 3 1 ⌸, and 3 3 ⌸͒ correlate with the Na(3 2 S 1/2 )ϩK(3 2 D 3/2 ) limit. The rates of predissociation are directly related to the type of perturbative interaction causing the predissociation, and to the overlap of the vibrational wave functions of the bound and free states. In general, ⌫ pred ϭ2͉H v,J;E,J ͉ 2 , where H v,J;E,J is the matrix element of the interaction causing the predissociation which couples the bound state v, J to the continuum state represented by E, J. 31 If the matrix element of the interaction is assumed to be independent of R or to vary linearly with R, then it can be factored as 
G. Predissociation interaction type
In each scan, both the atomic K(3 2 D 3/2 →4 2 P 1/2 ) and molecular
) fluorescence signals are monitored. ͑a͒ vϭ14, Jϭ31; ͑b͒ vϭ16, Jϭ31; ͑c͒ vϭ18, Jϭ31; and ͑d͒ vϭ18, Jϭ35. The line-center frequency of the transition is given in each panel. In all cases, the fluorescence signals are measured on an arbitrary scale, but the relative atomic/molecular intensity scales are the same for all panels. Note that the strongly predissociating 6 1 ⌺ ϩ (v,J) levels ͑i.e., the vϭ18 levels͒ are characterized by broad lines and large atomic/molecular fluorescence ratios. electronic factor ͑if the interaction is independent of R͒ or the electronic factor evaluated at the R-centroid value ͑if the interaction varies linearly with R͒. Here,
2 is the differential Franck-Condon factor, assuming that the continuum state wave function E,J (R) is energy normalized. If the interaction is J dependent ͑i.e., for ⌬⍀ 0 interactions͒, then a similar analysis yields
where R c is the internuclear separation of the crossing between the bound and continuum states. 31 If the interaction H el between the bound and unbound states is independent of J, the dependence of the predissociation rate on J directly reflects the dependence of the radial wave function overlap integral on J. This in turn, is a function of the curve crossing scheme. Mulliken has classified the various curve crossing schemes according to the labels a, b, and c, which indicate whether the energy of the crossing point is equal to, below, or above the dissociation energy of the continuum state causing the predissociation. 32 In addition, the superscripts Ϫ, i, and ϩ, are used to indicate whether R c is less than, equal to, or greater than the equilibrium separation of the bound state, or 0 is used to indicate that the states do not cross. 32 Depending on the crossing scheme and on the steepness of the curves, the two wave functions will come into and out of phase as we move from one vibrational level to another, or from one rotational level to another. In this case, the maximum predissociation rate occurs when the overlap is a maximum, and this usually occurs for bound state levels with energies near the curve crossing point. In the present case, the largest predissociation rates are observed for vϭ18, and from this observation we might conclude that the bound and free state curve crossing must occur near vϭ18 of the 6 1 ⌺ ϩ state. If this hypothesis is correct, the dependence of the predissociation rates on v and J could, in principle, be predicted by assuming a particular picture of the curve crossing and calculating the overlap integrals between the corresponding bound and free state wave functions. The shape of the free state could then be varied until good agreement is achieved between the observed and calculated v and J dependences of the predissociation rates. 31, 33 However, based on the theoretical potentials of Ref. 15 ͑see Fig. 8͒ functions, in order to obtain any reliable results from the calculations, the bound state must be known with better accuracy than we now possess ͑especially near the outer turning point͒. The selection rules for predissociation are ⌬Jϭ0, ϩ } Ϫ, and in addition ⌬⌳ϭ0, Ϯ1, and ⌬Sϭ0, Ϯ1 in Hund's case ͑a͒ or ͑b͒, and ⌬⍀ϭ0, Ϯ1 in Hund's case ͑c͒. While the argument of a curve crossing on the outer limb of 6 1 ⌺ ϩ might be adequate to interpret our intermediate J data, it does not explain the fact that the largest predissociation rates for vϭ18 are three to ten times larger than the peak rates measured for the other vibrational levels. This implies that the predissociation of vϭ18 might be caused by a different interaction than that causing the predissociation of the other vibrational levels. Therefore, it is possible that the resonance behavior at vϭ18 is not due to a curve crossing at that point, but rather to an accidental predissociation, where the initial 6 1 ⌺ ϩ state is perturbed by another state, and this second state in turn undergoes predissociation by yet another state. An accidental predissociation is difficult to characterize because it involves two perturbative interactions and three potential curves. For accidental predissociation, the 6 1 ⌺ ϩ state must be perturbed by another state with an interaction which satisfies the perturbation selection rules. The state causing the perturbation is then perturbed by the continuum of a third state that causes the former to predissociate. Here, the predissociation selection rules ͑which are the same as the selection rules for perturbations͒ must again be satisfied. An attractive possibility is that the 6 1 ⌺ ϩ state interacts with the 4 3 ⌸ state via spin-orbit interactions, and the latter state is predissociated by nonadiabatic interactions with the 3 3 ⌸ state. However, further speculation should be left until additional experimental and theoretical work provides a more accurate mapping of the NaK potentials in this energy region.
Homogeneous interactions ͑⌬⍀ϭ0͒ are independent of J ͑Ref. 31͒ and therefore cannot explain the observed increase of predissociation rates with J at high J ͑see Fig. 7͒ . However, heterogeneous ͑J-dependent͒ gyroscopic predissociations exhibit a quadratic dependence on J. Gyroscopic predissociation of the 6 1 ⌺ ϩ state by 3 1 ⌸ or 5 3 ⌺ ϩ is possible according to the selection rules for heterogeneous predissociation ͓⌬Sϭ0 ͑weak selection rule͒ and ⌬⍀ϭϮ1͔. The predissociation rates for vϭ15 show a consistent increase with the rotational quantum number J, without showing any oscillations. The nearly quadratic dependence of the rates on J for vϭ15 implies that the interaction might be due to gyroscopic predissociation. This interpretation is consistent with our measured values of I 1.17 /I 1.18 ͑see Sec. III E͒, which led us to conclude that the predissociation mechanism was different at high and low J.
H. Collisional processes involving excitation transfer between rotational levels of the NaK 2(A) 1 ⌺ ؉ state
J-changing collisions
We have observed collisional excitation transfer between different rotational levels of the 2(A) 1 ⌺ ϩ state,
where P represents the perturber which can be any of the species present in the vapor ͑Ar, K, Na, K 2 , NaK, Na 2 ͒ and k J→J Ј P , is the rate coefficient for the process. This phenomenon results in the appearance of satellite lines ͑see Fig. 10͒ that are observed when the frequency of the Ti-sapphire laser is scanned in the vicinity of a specific 1 ⌺ ϩ (vЈ,JЈϮ1,JЈϮ2,...). An approximate rate coefficient for this process can be determined from the relative intensities of the main peak and the satellite lines, combined with a simple rate equation model. The change in density of atoms in the collisionally populated rotational levels can be represented by rate equations of the following form:
Here, R J Ј →J Ј Ϯn is the rate of population transfer from the JЈ to JЈϮn level and ⌫ J Ј Ϯn is the radiative decay rate out of the JЈϮn level. Back transfer from level JЈϮn to level JЈ can be neglected. In steady state, Eq. ͑6͒ yields the ratio of the populations in the JЈϮn and JЈ levels,
The ratio of the satellite to main line intensities, shown in Fig. 10͑a͒ , is approximately proportional to this ratio. From the data of Figs. 10͑a͒ and 10͑b͒ , we obtain the intensity ratio ͑0.041Ϯ0.010͒ for the ⌬JЈϭϩ1 excitation transfer collision, which yields R J Ј →J Ј ϩ1 ϭ(0.041)⌫ J Ј ϩ1 . An absolute value of R J Ј →J Ј ϩ1 could be obtained if the radiative rate ⌫ J Ј ϩ1 was known. Since ⌫ J Ј ϩ1 is on the order of 2ϫ10 8 s Ϫ1 ͑corresponding to a 5 ns lifetime͒, we obtain an approximate value R J Ј →J Ј ϩ1 Ϸ8.2 ϫ10 6 s
Ϫ1
. The J-changing collision rate coefficient
can then be calculated from R J Ј →J Ј ϩ1 and the perturber number density ͑n p ϳ2.6ϫ10
16 cm Ϫ3 at Tϭ365°C͒,
Similarly, we obtain
for collisional transitions of ϩ2 and ϩ3 rotational units, respectively. These data were taken under conditions where the oven was operated in the heat-pipe mode. Thus we assume that the majority of the perturbers are potassium atoms in this case. The major sources of error in these rate coefficients are uncertainties in ⌫ J Ј Ϯn and in the potassium density. Note that the above results on rotational energy transfer are based upon collisional transitions involving only one initial level; 2(A) 1 ⌺ ϩ (vЈϭ16, JЈϭ30). Clearly a more comprehensive study is desirable.
Velocity-changing collisions
A careful inspection of the widths of the lines resulting from the excitation transfer between different rotational levels discussed above shows that the lines originating from a collisionally populated level are broader than those directly pumped by the laser. Figure 10͑a͒ shows a probe laser frequency scan over a few of these lines, while Fig. 10͑b͒ shows the same lines on a much more sensitive scale where the linewidths can be measured. It is clear from analysis of this figure that the collisionally populated levels give rise to spectral lines which are ϳ100 MHz broader than the main line.
We attribute this broadening effect to velocity-changing collisions. The narrow bandwidth of the ring dye laser used to pump the A state level results in excitation of a single velocity class. When molecules in the level (vЈ,JЈ) undergo state-changing collisions, they simultaneously experience velocity changes which tend to thermalize their velocity distribution. If the collision rate was much larger than the radiative rate, the excited molecules would undergo a series of these velocity-changing collisions. Under such conditions, the velocity distribution would become completely thermalized and the velocity spread would then reflect a MaxwellBoltzmann distribution. In the present case, only one or two collisions occur within a radiative lifetime, and thus the thermalization is far from complete. The details of the thermalization process depend on the type of interaction between the NaK molecule in a particular JЈ level of the A state, and the perturbing species causing the state-and velocity-changing process. In order to draw any conclusions about the type of interaction causing the velocity-changing collision process, further investigations are needed, and this will be the topic of a future experiment planned in our lab. The dependence of the line shape on the argon and alkali metal densities can provide information on the dominant perturbing species, the thermalization process, and the NaK-Ar and NaK-alkali interaction potentials. These potentials are not currently available, either from experiment or theory.
IV. CONCLUSIONS
We have carried out two-step excitation of the 6 1 ⌺ ) ]. ͑b͒ Sensitivity increased by a factor of 10 clearly showing the relative amplitudes of the satellite lines and their linewidths ͑ϳ180 MHz͒. The broad feature between the main peak and the ⌬Jϭϩ1 peak in ͑b͒ is an unidentified Doppler-broadened transition from the ground state involving two probe laser photons ͑rather than one pump and one probe photon used in the two-step transitions͒.
Widths of individual 6 1 ⌺ ϩ (v,JЈϮ1) ←2(A) 1 ⌺ ϩ (vЈ,JЈ) excitation lines are determined by collisional broadening and the lifetimes of the levels. The latter depend upon the natural radiative rates and the 6 1 ⌺ ϩ (v,JЈ Ϯ1) level predissociation rates. We measured broadening rates for several 6 1 ⌺ ϩ (v,JЈϮ1)←2(A) 1 ⌺ ϩ (vЈ,JЈ) transitions due to collisions with argon and potassium perturbers. By correcting the total linewidth for collisional and natural broadening we have mapped the 6 1 ⌺ ϩ state predissociation rates on a level by level basis for v ranging from 15 to 20 and J values in the range 9-94. We have also observed state-changing and velocity-changing collisions of NaK molecules in the 2(A) 1 ⌺ ϩ (vЈϭ16, JЈϭ30) level interacting with potassium and argon perturbers.
